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Abstract 
Cutting tools with higher wear resistance are those manufactured by powder metallurgy process, which combines the development 
of materials and design properties, features of shape-making technology and sintering. The annual global market of cutting tools 
consumes about US$ 12 billion; therefore, any research to improve tool designs and machining process techniques adds value or 
reduces costs. The aim is to describe the Spark Plasma Sintering (SPS) of cutting tools in functionally gradient materials, to show 
this structure design suitability through thermal residual stress model and, lastly, to present two kinds of inserts. For this, three 
cutting tool materials were used (Al2O3-ZrO2, Al2O3-TiC and WC-Co). The samples were sintered by SPS at 1300ºC and 70 MPa. 
The results showed that mechanical and thermal displacements may be separated during thermal treatment for analysis. Besides, the 
absence of cracks indicated coherence between experimental results and the residual stresses predicted.  
 
© 2013 The Authors. Published by Elsevier B.V. 
Selection and/or peer-review under responsibility of The International Scientific Committee of the 14th CIRP Conference on 
Modeling of Machining Operations" in the person of the Conference Chair Prof. Luca Settineri 
 
Keywords:Sintering; Cutting tool; Functionally gradient materials; Thermal residual stress 
1. Introduction 
The literature has shown that cutting tools with higher 
wear resistance are those manufactured by powder 
metallurgy process, which combines the development of 
materials and design properties, features of shape-
making technology and sintering [1,2]. 
Kang [3] defines sintering as a processing technique 
used to produce density-controlled materials from metal 
or/and ceramic powders by applying thermal energy; 
when this energy is applied to a powder, two basic 
phenomena occur, densification (without or with 
shrinkage) and grain growth. 
A great consumer of sintered material is the machine 
industry. Trent and Wright [4] state that consumable 
cutting tool materials had U.S. sales about $2.5 billion 
dollars in 1996. The annual global market of cutting 
tools consumes in 2011 about US$ 12 billion; hence, any 
research to improve tool designs and machining process 
techniques adds value or reduces costs [5]. 
Functionally Gradient Materials (FGMs) may be an 
option to improve mechanical properties of ceramic 
tools from joining metals. FGM can be understood as a 
new material class, whose concept is applicable for 
getting innovative properties or functions, which cannot 
be achieved in homogeneous materials [6]. It means that 
a wide variation of physical and/or chemical properties 
can be reached in a single part, to promote continuous 
changes in microstructure, composition and properties, 
generally, along with thickness [7].  
There are two types of gradient structures, which 
change continuously and in stepwise form. On both there 
is volume fraction variation between materials used 
along a specific direction; however, in the first, the 
gradient transitional happens smoothly across the 
microstructure, whereas stepped gradients are 
characterized by abrupt changes [8]. 
Fan and co-workers [9] say that the cutting behaviour 
of ceramic tool in FGM may be improved markedly if 
the gradient is designed correctly. Jaworska and co-
workers [10] state high hardness and compressive stress 
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on the surface and high toughness in the interior of 
cermet tools made from FGM, with improved wear 
resistance, when compared with conventional ones. 
However, some difficulties involve the development and 
application of FGMs. Thermal residual stresses arise 
from cooling after high temperature processing due to 
large difference in thermal expansion between materials 
put together, besides problems due to poor chemical 
compatibility. The stresses may exceed the fracture 
strength of most brittle material, leading to cracks on 
free surface and/or interface layer [11]. 
The aim is to describe the Spark Plasma Sintering 
(SPS) of cutting tools in functionally gradient materials, 
to show this structure design suitability through thermal 
residual stress model and, lastly, to present two kinds of 
inserts of alumina in gradient with cemented carbide. 
2. Experimental Procedure 
The cutting tool materials used for manufactured 
FGMs inserts were two ceramics based on alumina oxide 
(Al2O3-ZrO2 and Al2O3-TiC) by NanoAmor/US and 
cemented carbide (WC-Co) by Sandvik/BR, see Table 1. 
Two tool tips in FGM were made, one of Al2O3-ZrO2 in 
functionally gradient with cemented carbide and another 
of Al2O3-TiC with cemented carbide, both with six 
layers in the substrate, as shown in Table 2. 
Table 1: Powders characteristics 
Materials PS  
   
[g/cm3] 
E   
[GPa] 
             
[x10-6ºC-1] 
Al2O3-ZrO2 0.2 4.55 351 9.11 
Al2O3-TiC 0.2 4.26 420 8.24 
WC-Co 1.5 14.90 664 5.57 
PS: particle size; : density; E: elastic modulus*; : thermal expansion 
coefficient* 
*Starting values used in thermal residual model. 
Table 2: Volume fraction of alumina 
#Layers Al2O3-ZrO2/TiC+WC-Co 
1 100% 
2 86% 
3 79% 
4 72% 
5 58% 
6 44% 
 
The powders were mixed for 1 hour in liquid 
environment of isopropyl alcohol with aid of cemented 
carbide as milling element. Next, they were drying in a 
hot plate. 
The loose powders were placed in a graphite die, 
grade ED-3 (Morganite/BR), following the layers 
sequence. Graphite sheets, Grafoil GTB 
(Morganite/BR), were also used in interfaces between 
powders and graphite die/punches for easy removal and 
for avoiding adhesion between powders and die wall, see 
Fig. 1. 
 
 
Fig. 1. Set-up of die assembly. 
The sintering of FGMs was evaluated in a Spark 
Plasma Sintering (SPS) machine, model SPS 1050 (SPS 
Syntex Inc./JP), in which the heat treatment occurs by 
self-heating when On-Off DC pulse voltage and current 
are applied to a die and powder, under uniaxial 
mechanical pressure at low vacuum (~10 Pa). The 
pattern of DC pulse used was 12 on and 2 off, with each 
pulse having 3 ms. Table 3 shows the main sintering 
parameters used, since heating and cooling rates were 
100 and 70°C/min, respectively. 
Table 3: Sintering parameters 
Pressure [MPa] Temperature [°C] Holding time [min] 
70 1300 5 
 
Some authors [12-14] mention technological and 
economic advantages of SPS over conventional and 
traditional sintering methods, shorter sintering time, 
lower temperatures and better energy control, besides 
several measured instruments equipped into machine, 
such as pyrometer, load cell for monitoring the pressure 
applied, displacement sensor, which allow getting 
displacement and rate all over the sintering. These 
output variables will be used to describe the spark 
plasma sintering of cutting tools in functionally gradient 
materials. 
After sintering, the FGM samples had 20 mm in 
diameter and 8 mm in thickness. They were cut into 
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squared shape with diamond wheel 15HC by 
Buehler/US to measure relative density, which is the rate 
between experimental and theoretical density. First, it 
was carried out by the Archimedes method based on ISO 
10545-3:1995(E) [15] and second from data sheet of 
powders manufacturer and rule of mixtures [16]. Next, 
the samples were prepared for metallographic analysis 
with diamond paste 15, 6 and 1 m MetaDi II by 
Buehler/US, which allowed recording the microstructure 
on an optical microscope, model SMZ800 (Nikon/BR). 
The thermal residual stress model used to show the 
structure design suitability is that described by 
Ravichandran [11]. It is a one-dimensional model 
employed to calculate the residual stresses in FGM, 
aiming to fabricate parts without cracking or 
delamination. The model takes into account volume 
fraction variation in thickness samples (y) to determine 
elastic modulus (E) and thermal expansion coefficient 
( ) through rule of mixtures. Therefore, it is a thermo-
mechanical model. Residual stresses after cooling or 
heating on FGM sintering receive two major 
contributions: one regards stress equilibrium ( r) 
between contraction and expansion, Equation (1); and 
the other from moment equilibrium (Mt), Equation (2), 
due to the asymmetric stress distribution, because of 
variation in the proportion of constituents. 
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T is the temperature variation in the sintering. 
Lastly, the samples were ground to make two squared 
cutting tools, without relief angle and chip-breakers, 
classified as SNGN 12 07, as ISO 1832:1991 [17]. These 
were assembled in a tool holder for turning, CSRNR 
2525 M12-4 (Sandvik/BR). After that, force machining 
tests were carried out in a conventional lathe (Romi S30 
by Romi/BR), aided by dynamometer 9265B/3441B by 
Kistler/CH to verify if FGMs cutting tools supported 
martensitic stainless steel (VSM13 by Villares 
Metals/BR) machining in the cutting conditions of      
vc = 100 m/min, f = 0.205 mm/rev and ap = 2 mm. 
3. Results 
Figure 2 shows the results of sintering monitoring 
based on output variables of the SPS machine. In the 
figure, it is possible to identify in the first 6 minutes, 
through displacement rate and displacement curve (Peak 
1), a large mechanical displacement in powders, due to 
the uniaxial pressure applied by graphite punches 
increasing up to work value (70 MPa), which cause the 
first particles rearrangement with larger contact with 
each other. The temperature is measured by pyrometer 
which only read sit above 570ºC; when the SPS machine 
discharges a strong current with proportional tension on 
the powders, a second peak (2) in displacement rate 
curve and a smooth change in displacement curve are 
observed, with a consequent temperature increase. This 
may be due to the spark discharges observed by some 
authors [12,14] causing other particles rearrangement. 
Next, it has a third great peak with marked shrinkage, 
evident in the displacement rate and displacement curve. 
Here, truly accelerated formation and growth of neck 
among particles occur, characterizing densification. The 
dwell temperature is 1300ºC. Later, a subtle expansion is 
better observed in the displacement curve, but also 
identified in the displacement rate curve by arrows. It 
may be related with grain growth. The thermal cycle 
finishes with increase of displacement (shrinkage), 
whereas expansion at the end of the loading cycle must 
be disregarded due to the hydraulic relief on punch. It is 
worth stressing that the same curve behaviour was noted 
for sintering single ceramics, with sintering peak about 
1000ºC; however, at this temperature, cemented carbide 
reaches the liquid phase, hence the large displacement.
Compressive stress Tensile stress 
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Fig. 2. Sintering monitoring: (a) FGM Al2O3-ZrO2; (b) FGM Al2O3-TiC. 
Table 4 shows density results for two kinds of 
sintered FGMs. 
Table 4: Density results 
70 MPa; 1300ºC; 5 min 
Al2O3-ZrO2+WC-Co Al2O3-TiC+WC-Co 
100% 99.65% 
 
Results are closer to those are found in the literature. 
Zhou and co- -Al2O3 
pressure, dwell temperature at 1300°C, DC pulse model 
of 36:6 and no holding time attained relative density of 
about of 99.5%. Trombini and co-workers [19] sintering 
results by SPS Al2O3-5vol%ZrO2 with particle size of 
99.5%. Chinelatto and Tomasi [20] sintering alumina by 
HIP at 80 MPa and 1300°C got relative density of 95%, 
although their results do not mention particle size. 
Finally, Santanach and co-workers [13] sintering -
Al2O3  
model of 12:2, holding time of 5 minutes and dwell 
temperature at 1300°C attained 99.2% of relative 
density. Even though the results discussed have been 
from alumina, experience has shown [21] that, between 
1000 and 1200°C for uniaxial pressure interval of 45 to 
70 MPa in SPS, liquid phase occurs in cemented carbide 
sintering due to cobalt as binder element. Thus, it is 
admitted that for the sintering conditions carried out, the 
cemented carbide had already fully reached 
densification. 
Figure 3 shows the microstructures of white and 
black ceramic (alumina) in functional gradient with 
cemented carbide. It shows six layers along with 
thickness, the first ones being of alumina. No cracks 
were observed in the perpendicular direction or 
delamination in the layers interface (horizontal). 
 
Fig. 3. FGMs. (a) Al2O3-ZrO2+WC-Co; (b) Al2O3-TiC+WC-Co. 
These cracks were not observed, probably owing to 
the level of residual stress tailored by microstructure 
designed. Figure 4 shows the values of thermal residual 
stress stemmed from the thermo-mechanical model 
presented. It was observed that the stemmed stress 
values were lower than the flexural strength values 
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found in the literature. Pastor and co-workers [22] 
obtained 1.13 GPa for Al2O3-30vol%ZrO2 (3.5mol% 
Y2O3). Xu and co-workers [23] recorded 0.80 GPa for 
Al2O3-30vol%TiC. Whereas Al2O3-ZrO2 FGM and 
Al2O3-TiC FGM have 0.81 and 0.72 GPa, respectively. 
 
 
Fig. 4. Thermal residual stress. (a) FGM Al2O3-ZrO2; (b) FGM Al2O3-
TiC. 
To conclude, Figure 5 shows two FGM cutting tools 
assembled on tool holder for turning. The suitability of 
tool tips to tool holder and functional gradient on 
substrate are observed. 
 
 
Fig. 5. Assembled FGM cutting tools on tool holder: (a) Al2O3-ZrO2; 
(b) Al2O3-TiC. 
Figure 6 shows values of cutting force smoothly 
higher for the Al2O3-TiC FGM tool, probably, due to 
adhesion phenomena or wear on the martensitic stainless 
steel (276,4 HV30) turning. It is worth stressing that 
machining tests were carried out in inappropriate 
conditions, that is, using ceramic insert in conventional 
lathe. Even so, the tool tips supported the test without 
catastrophic failure. 
 
 
Fig. 6. Cutting force results for FGM tools. 
4. Conclusions 
Instrumentation of SPS machine aided to evidence 
mechanical and thermal effects which occur during 
sintering. 
Relative density results showed to be in accordance 
with those found in the literature. 
Besides, microstructure design showed to be suitable 
to the thermal residual stress model and the inserts 
supported the machining test.  
From this and further scientific development, we 
expect to obtain a ceramic tool with higher toughness, 
tool life and/or possibility of using it in interrupted 
cutting. 
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